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Lattice-induced rapid formation of spin singlets in spin-1 spinor condensates
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We experimentally demonstrate that combining a cubic optical lattice with a spinor Bose-Einstein
condensate substantially relaxes three strict constraints and brings spin singlets of ultracold spin-1
atoms into experimentally accessible regions. About 80 percent of atoms in the lattice-confined spin-
1 spinor condensate are found to form spin singlets, immediately after the atoms cross first-order
superfluid to Mott-insulator phase transitions in a microwave dressing field. A phenomenological
model is also introduced to well describe our observations without adjustable parameters.
PACS numbers: 67.85.Fg, 03.75.Kk, 03.75.Mn, 05.30.Rt
Many-body spin singlet states, in which multiple spin
components of zero total spin are naturally entangled,
have been widely suggested as ideal candidates in inves-
tigating quantum metrology and quantum memories [1–
14]. Advantages of spin singlets in the quantum infor-
mation research include long lifetimes and enhanced tol-
erance to environmental noises [2, 3]. These advantages
may become more pronounced if the singlets consist of
ultracold spin-1 particles [1]. A spin singlet is the ground
state of many types of spinor gases, however, its ex-
perimental realizations have proven to be very challeng-
ing mainly due to its fragilities [3, 10, 12–15]. Allowed
parameter ranges for spin singlets of spin-1 atoms are
strictly limited to the vicinity of zero quadratic Zeeman
energy q and zero magnetization m, and the ranges dras-
tically shrink when the atom number increases [10–13].
Another constraint is the formation of spin singlets re-
quires atoms remaining adiabatic for a long time dura-
tion [13, 16]. In this Letter, we experimentally demon-
strate that combining a spinor Bose-Einstein conden-
sate (BEC) with cubic optical lattices significantly re-
laxes these strict constraints and enables creating spin
singlets of spin-1 atoms rapidly. Our observations con-
firm that spin singlets are brought into experimentally
accessible regions by two key lattice-modified parame-
ters, which are the lattice-enhanced interatomic interac-
tions and substantially reduced atom number in individ-
ual lattice sites. Lattice-confined spinor BECs present
degeneracies in spin and spatial domains, which provide
perfect platforms to simulate quantum mesoscopic sys-
tems and study rich physics of fragmentation [7, 12].
Different methods have been proposed for detect-
ing spin singlets. The first approach is to measure
the population of each spin component, as atoms in a
spin singlet should be evenly distributed into all spin
states [17, 18]. The second method is to verify a spin
singlet is invariant after its spin is rotated by a resonant
Rf-pulse [2, 9, 12, 18, 19]. Another signature of a spin sin-
glet is its high level of spin squeezing shown in quantum
non-demolition measurements [2, 4–6]. A spin singlet can
also be identified by its high-order correlation functions,
e.g., its zero spin nematicity detected by light scattering
measurements [12, 20]. Other detectable parameters of a
spin singlet include large population fluctuations in each
of its spin components, and its excitation spectra mapped
by Bragg scattering [10, 17]. In this paper, we apply the
first two methods to demonstrate that about 80% of spin-
1 atoms in a lattice-confined spinor BEC can form spin
singlets, immediately after the atoms cross first-order su-
perfluid (SF) to Mott-insulator (MI) phase transitions in
a microwave dressing field. A phenomenological model
is also developed to explain our observations without ad-
justable parameters.
We start each experimental cycle with an antiferro-
magnetic F=1 spinor BEC of n = 1.2×105 sodium atoms
and zero m in its free-space ground state, i.e., a longitu-
dinal polar (LP) state in the q > 0 region or a trans-
verse polar (TP) state when q < 0 [21–25]. The atoms
are then loaded into cubic lattices and enter into the MI
phase with the peak occupation number per lattice site
being five, npeak = 5. We express the Hamiltonian of the
spinor Mott insulators by ignoring the hopping energy in
the site-independent Bose-Hubbard model as [21]:
Hˆ =
U0
2
(nˆ2 − nˆ)− µnˆ+
U2
2
(Sˆ
2
− 2nˆ) + q(nˆ1 + nˆ−1) .
(1)
Here U0 (U2) is the spin-independent (spin-dependent)
interaction, µ is the chemical potential, Sˆ is the spin
operator, and nˆ =
∑
mF
nˆmF is the number operator of
all hyperfine mF states. We obtain the ground states
of spinor Mott insulators by diagonalizing Eq. (1) at a
given n. For example, the ground states are spin singlets
at zero q in the even Mott lobes.
Sufficiently deep cubic lattices localize atoms and lower
n by five orders of magnitude in a typical BEC system.
Figure 1 illustrates how this enormous reduction in n to-
gether with the lattice-enhanced interatomic interactions
can make spin singlets realizable in experimentally ac-
cessible regions. Figure 1 is derived from the mean-field
theory (MFT) and based on two notable signatures of
a spin singlet, i.e., each of its mF states has an iden-
tical fractional population ρmF and a big ∆ρmF (the
standard deviation of ρmF ) [10, 17, 18]. For example,
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FIG. 1. (a) and (b): vertical black (red) dotted lines mark qmax, the maximum allowed q for spin singlets, in F=1 sodium
spinor BECs of n = 105 atoms in free space (in the n=2 Mott lobe at uL = 26ER). All panels are derived from MFT at zero
m with solid (dashed) lines representing the q < 0 (q > 0) region, and black (red) lines representing spinor gases in free space
(spinor Mott insulators) [16]. (a) Predicted ρ0 versus |q| at n = 2 (red) and 10
5 (black). The top horizontal axis lists the
corresponding B when q > 0. (b) Predicted ∆ρ0 versus |q| at n = 2 (red) and 10
5 (black). (c) Predicted qmax versus n. (d)
The minimum time tmin versus n for generating singlets of sodium atoms via an adiabatic sweep at its corresponding ±qmax.
spin singlets of F=1 atoms should have ρ0 ≈ ρ±1 ≈ 1/3
and ∆ρ0 = 2∆ρ±1 > 0.29. In sharp contrast, ρ0 = 0
and ρ±1 = 0.5 (ρ0 = 1 and ρ±1 = 0) with negligi-
ble ∆ρmF are found in coherent TP (LP) states when
q < 0 (q > 0) [24]. The allowed q range for spin singlets
is 0 ≤ |q| ≤ qmax, which is determined by considering
∆ρmF ≫ 0 and ρ0 = (1+ 0.1)/3 at q = qmax (that corre-
sponds to ρ0 ≃ (1−0.1)/3 at q = −qmax) in MFT [26]. An
expansion of ten orders of magnitude in qmax is marked
by vertical dotted lines in Figs. 1(a) and 1(b), i.e., from
a narrow region of |q|/h < 2 × 10−9 Hz in a free-space
spinor BEC of 105 atoms to a much broader range of
|q|/h < 9 Hz in n=2 spinor Mott insulators. Here h is the
Planck constant. This drastic raise in qmax as n decreases
is also shown in Fig. 1(c) for a wide range of achievable
n. In addition, the lattice-induced big reduction in n can
relax the magnetization constraint on creating spin sin-
glets by five orders of magnitude, because |m| . 0.15/n
is required for singlets at zero q [27]. Figure 1(d) indi-
cates another big improvement made by cubic lattices:
tmin can be dramatically decreased by three orders of
magnitude after a free-space spinor BEC enters the MI
phase [16]. Here tmin is the minimum time for generating
singlets via adiabatically sweeping one parameter, such
as q and the lattice depth uL. Spin singlets of F=1 atoms
can thus be created in realistic experimental setups, e.g.,
in the spinor Mott insulators of |m| ≤ 0.05 as confirmed
by our experimental data in Figs. 3 and 4.
In each experimental cycle, we prepare a LP or TP
state at q/h = 40 Hz by pumping all atoms in the unde-
sired mF states of a F=1 spinor BEC to the F=2 state
with resonant microwave pulses, and blasting away these
F=2 atoms via a resonant laser pulse. We then quench
q to a proper value in microwave dressing fields [28],
and load atoms into a cubic lattice constructed by three
standing waves along orthogonal directions. The lattice
spacing is 532 nm, while lattice beams are originated from
a single-mode laser at 1064 nm and frequency-shifted by
20MHz with respect to each other. We use Kapitza-Dirac
diffraction patterns to calibrate uL. Each data point in
this paper is collected after atoms being abruptly released
from a lattice at a fixed uL and expanding ballistically
within a given time of flight tTOF. The standard Stern-
Gerlach absorption imaging is a good method to measure
ρmF of spinor gases in the SF phase. Stern-Gerlach sep-
arations become indiscernible, when atoms completely
lose phase coherence in the MI phase and the signal-to-
noise ratio diminishes in TOF images. To measure ρ0 in
spinor Mott insulators, we develop a two-step microwave
imaging method as follows: 1) count the mF=0 atoms
with the first imaging pulse preceded by transferring all
atoms in the |F = 1,mF = 0〉 state to the F=2 state; 2)
count all remaining atoms that are in themF = ±1 states
with the second imaging pulse. We compare these two
imaging methods using a free-space spinor BEC, and find
they give similar ρ0 with a negligible difference (unless
specified, all quoted uncertainties are 2 standard errors).
To ensure atoms adiabatically enter the MI phase, a
cubic lattice is linearly ramped up within time tramp to
uL = 26ER. Here ER is the recoil energy [23]. We care-
fully select tramp based on three criteria. First, tramp
should be long enough to satisfy duL/dt≪ 32piE
2
R/h, the
interband adiabaticity requirement [29]. Second, tramp
should be larger than the MFT predicted tmin, as ex-
plained in Fig. 1(d). These two criteria set tramp > 5 ms
for our system. On the other hand, tramp should be suf-
ficiently short, with tramp ≤ t0 to ensure lattice-induced
heating is negligible and atom losses are not greater than
10%. Figure 2 explains how we determine t0 from the ob-
served relationship between tramp and ρ0 in spinor Mott
insulators at uL = 26ER and q/h = 460 Hz. In such a
high field, SF-MI phase transitions are second order be-
cause U2 = 0.04U0 > 0 and q ≫ U2 at this uL for the
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FIG. 2. Measured ρ0 versus tramp after an initial LP spinor
BEC enters the MI phase in a high field. Black lines are
two linear fits. We estimate t0, the ideal tramp, from the
intersection point of these two lines (see text).
sodium atoms [21]. Atoms initially in a LP state should
thus stay in the LP state with ρ0 ≃ 1, as they adia-
batically cross the phase transitions and enter into the
MI phase [21]. The value of ρ0 quickly drops when in-
evitable heating is induced by lattices in a non-adiabatic
lattice ramp sequence. We extract t0 from the inter-
section point of two linear fits to the data in Fig. 2,
which yields tramp ≤ t0 ≈ 45 ms. Within this accept-
able tramp range, a slower lattice ramp is preferred be-
cause it could more easily keep the system adiabatic and
provide sufficient time for the atom redistribution pro-
cesses [30]. The ideal lattice ramp speed is therefore set
at duL/dt = 26ER/t0 for our system.
The opposite limit is |q| ≪ U2 near zero q, where SF-
MI phase transitions are first order and spin singlets are
the ground state of F=1 spinor gases in the even Mott
lobes [21]. We may thus identify the formation of spin
singlets from evolutions of ρ0 and ∆ρ0 during a first-order
SF-MI transition. Figure 3 shows two such evolutions
when atoms initially in the TP state are adiabatically
loaded into the cubic lattice at the ideal lattice ramp
speed to various final uL in q/h = −4 Hz. These evolu-
tions have three distinct regions. In the SF phase where
0 ≤ uL ≤ 15ER, atoms remain in the TP state with
ρ0 = 0 and negligible ∆ρ0. As atoms cross first-order
SF-MI transitions in 15ER ≤ uL ≤ 18ER, ρ0 and ∆ρ0
sigmoidally increase with uL. When all atoms enter into
the MI phase at uL ≥ 21ER, both ρ0 and ∆ρ0 reach their
equilibrium values of ρ0 ≈ 0.3 and ∆ρ0 ≫ 0. These ob-
servations qualitatively agree with the characteristics of
spin singlets. Despite that other factors can also increase
∆ρ0 in the MI phase, the measured ∆ρ0 is much smaller
than the MFT prediction shown in Fig. 1(b). This may
be due to the fact that the observed ∆ρ0 is an aver-
age over all 5 × 104 lattice sites in our system. Unless
one can detect single lattice site precisely, the value of
∆ρ0 may not be used to verify spin singlets in lattice-
confined spinor gases. We also monitor the time evolu-
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FIG. 3. Measured ρ0 (red circles) and ∆ρ0 (blue triangles)
versus uL after an initial TP spinor BEC undergoes the ideal
lattice sequence to various final uL in a weak field near zero
q. The solid line is a sigmoidal fit, and the dashed line is to
guide the eye.
tion of atoms at fixed uL and q after the ideal lattice
ramp sequence. No spin oscillations are found at each q
studied in this paper, which confirms atoms always stay
at their ground states in these ideal lattice sequences.
We observe similar ρ0 and ∆ρ0 evolutions within a
wide range of q near zero field. The measured ρ0 versus
q in spinor Mott insulators at uL = 26ER is shown in
Fig. 4(a). These Mott insulators of npeak = 5 are inho-
mogeneous systems, in which ρ0 at a fixed q may be given
by the weighted average over all Mott lobes:
ρ0 =
5∑
j=1
ρ0jχj . (2)
Here ρ0j is the MFT predicted ρ0 in the ground state ψj
of the n=j Mott lobe, and χj represents mean-field atom
density distributions in a harmonic trap [21]. The pre-
diction of Eq. (2) shown by red dashed lines in Fig. 4(a),
however, appears to largely disagree with our data. To
understand this big discrepancy, we have tried several
models and found only one phenomenological model can
surprisingly describe our data without adjustable pa-
rameters (see black solid lines in Fig. 4(a)). This phe-
nomenological model is based on one major difference
between spinor and scalar Mott insulators predicted by
the Bose-Hubbard model: i.e., the formation of spin sin-
glets enlarges even Mott lobes in antiferromagnetic spinor
gases [21]. For example, the n=2 even Mott lobe emerges
at uL ≈ 16.5ER, while the n=3 odd Mott lobe only ex-
ists in a much deeper lattice of uL ≥ 19.5ER for F=1
sodium spinor gases near zero field [21]. In the interme-
diate lattice depth of 16.5ER < uL < 19.5ER near zero
q, atoms in the n=3 lattice sites can freely tunnel among
adjacent lattice sites, while particles in an n=2 lattice
site already enter into the MI phase and are localized in
this site. At a proper uL near zero q, atoms may thus
be able to redistribute among lattice sites with a given
4odd n in the lattice-confined spinor gases. For example,
at uL = 19ER > 16.5ER, the tunneling of one atom con-
verts two adjacent n=3 lattice sites to one n=2 and one
n=4 sites. This uL is then deep enough to localize the six
atoms by forming a two-body spin singlet in one site and
a 4-body spin singlet in the other site [30]. As a result
of similar redistribution processes, atoms initially in lat-
tice sites with n = 5 may form 4-body and 6-body spin
singlets in the ideal lattice ramp sequences. In contrast,
redistribution processes may not occur among the n=1
lattice sites, because the n=1 and n=2 Mott lobes emerge
at similar uL for the sodium atoms. Our phenomenolog-
ical model takes these atom redistribution processes into
account, and expresses ρ0 in the spinor Mott insulators
created by the ideal lattice ramp sequence as
ρ0 =
∑
j=3,5
χj
(j + 1)ρ0j+1 + (j − 1)ρ0j−1
2j
+
∑
j=1,2,4
ρ0jχj . (3)
Figure 4(a) shows that the prediction of Eq. (3) agrees
with our experimental data. The validity of this phe-
nomenological model is also verified by comparing its pre-
diction with the observed ρ0, after a resonant Rf-pulse is
applied to rotate the spin of atoms by 90 degrees. In
this paper, the spin rotation operator Rˆx = exp(−i
pi
2
Sˆx)
is along the x-axis, which is orthogonal to the quanti-
zation axis (z-axis). After pi/2 spin rotations, ρ0j in
Eq. (3) changes to ρr0j =
〈ψj |Rˆ
†
xnˆ0Rˆx|ψj〉
〈ψj |Rˆ
†
xnˆRˆx|ψj〉
in the n=j Mott
lobe. The prediction of Eq. (3) after these spin rota-
tions is shown by the upper black solid line in Fig. 4(a),
which well agrees with our data. The two data sets in
Fig. 4(a) respectively represent projections of the atomic
spin along two orthogonal axes. The observed good
agreements between our phenomenological model and
these data sets, therefore, suggest this model may re-
veal mechanisms of the ideal lattice ramp sequence in
antiferromagnetic spinor gases.
Our data taken with and without the pi/2 spin rota-
tions appear to converge to a value around ρ0 ≈ 1/3 as q
gets closer to zero in Fig. 4(a). This indicates the spinor
Mott insulators become more rotationally invariant near
zero field. As the spin rotational invariance is one unique
signature of spin singlets, the reduced gap between the
two data sets in Fig. 4(a) implies significant amounts of
atoms may form spin singlets when q approaches zero. In
our system, about 10% of atoms stay in the n=1 Mott
lobe where no spin singlet can be formed. This accounts
for the observed small gap between the two data sets near
zero q in Fig. 4(a), and limits the maximum fss realiz-
able in our system to about 90%. Here fss represents the
fraction of atoms forming spin singlets in spinor gases.
We extract fss from the measured ρ0 based on Ref. [31].
The two data sets in Fig. 4(a) appear to yield similar
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FIG. 4. (a) Red circles (blue triangles) are the measured
ρ0 in spinor Mott insulators without (with) atoms being ro-
tated by resonant pi/2 pulses at various q. The black solid
(red dashed) line is the prediction of Eq. (3) (Eq. (2)). (b)
Spin singlet fraction fss extracted from Panel (a) versus q (see
text). The insulators are created after an initial TP spinor
BEC undergoes the ideal lattice ramp sequence.
fss at a fixed q near zero field: i.e., fss ≈ 80% when
−4 Hz ≤ q/h ≤ 0 Hz as shown in Fig. 4(b). This indi-
cates around 80% of atoms form spin singlets in our sys-
tem. Similar phenomena and slightly smaller fss are also
observed in spinor Mott insulators generated after atoms
initially in the LP state cross first-order SF-MI transi-
tions in the ideal lattice ramp sequences when q > 0.
In conclusion, our experimental data have confirmed
that combining cubic lattices with spinor BECs makes
spin singlets of ultracold spin-1 atoms achievable in ex-
perimentally accessible regions. Via two independent
detection methods, we have demonstrated that about
80% of atoms in the lattice-confined F=1 spinor BEC
form spin singlets, after the atoms cross first-order SF-
MI phase transitions near zero field. We have developed
a phenomenological model that explains our observations
without adjustable parameters. Our recent work has also
indicated that we may be able to identify another signa-
ture of spin singlets, i.e., confirm their zero spin nematic-
ity in light scattering measurements [32].
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